Extracellular RNase N4 from Neurospora crassa is derepressible by limitation of any of the three nutrient elements obtainable from RNA. We have purified and characterized the enzyme from cultures grown under each of the three states of derepression. The purification procedure consisted of an ultrafiltration step, cation-exchange chromatography, and gel filtration. We found only one enzyme (N4) that hydrolyzed RNA at pH 7.5 in the presence of EDTA in culture filtrates from nitrogen-, phosphorus-, or carbon-limited cells. In all three cases, the enzymes were identical by polyacrylamide gel electrophoresis (Mr -9,500) and by gel filtration (Mr -10,000). There were no differences in thermal stability or pH optimum; all three crossreacted with antibody to the nitrogen-derepressed enzyme in interfacial ring and in Ouchterlony tests. Digestion of homopolyribonucleotides indicated that N4 preferentially cleaved phosphodiester bonds adjacent to guanine residues. Results indicate that the enzymes are very similar or identical and are probably products of the same gene. N4 appears to be homologous to guanine-specific RNases from other fungal sources.
Microbial eucaryotes obtain nutrients similarly to procaryotic organisms; however, because of their larger genomes they have evolved much more complex regulatory mechanisms for nutrient acquisition. Synthesis of some extracellular hydrolases is controlled by more than one regulatory circuit. In particular, extracellular proteases are derepressible by limiting any of the three elemental nutrients obtainable from protein: carbon, nitrogen, or sulfur. Neurospora crassa alkaline and neutral proteases are synthesized and secreted in response to C, N, or S derepression (4, 6) . Some N. crassa acid proteases are also derepressible by more than one element (16) . Similar regulatory phenomena for proteases has been reported for some species of Candida (19) , Mucor (12) , Aspergillus (2) , and others. In the Aspergillus genus, at least 10 different species secrete proteases in response to derepression for more than one nutrient (3) .
Evidence indicates that the same enzyme is produced under different states of derepression, and models have been presented in which one gene is regulated by multiple regulatory macromolecules (17, 18) .
We have found that RNase N4 is secreted from N. crassa mycelia under three different states of derepression (14) . The enzyme probably functions by utilizing external RNA as a source of phosphorus, nitrogen, or carbon, since it is derepressed by limiting any of these three elements. Presumably, expression of a single structural gene is controlled by regulatory macromolecules from the three different nutrient acquisition circuits. In this communication, we report the purification, characterization, and comparison of RNase N4 synthesized under all three states of derepression.
MATERIALS AND METHODS
Growth of organism. Wild-type N. crassa 74-OR23-1A was maintained and harvested as described by Turner and Matchett (21) . Conidia were germinated and allowed to grow for 12 h in Vogel's (24) minimal medium plus a carbon source, at * Corresponding author.
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which time cell density was -1.5 mg (dry cell weight) per ml.
RNase assay. The assay was performed as described previously (14) . One unit of activity is defined as the amount of enzyme required to raise the non-acid-precipitable absorbance at 260 nm (A260) of yeast RNA 1.0 U in 10 min at 37°C.
Purification procedure. Three liters of 12-h mycelia were filtered and washed with one-half-strength Vogel's minimal medium minus a nitrogen source. The mycelia were resuspended in 6 liters of media which contained: Vogel's medium minus a nitrogen source, 2% dextrose, 2 mM CaC12, and 0.25% gelatin. These cultures were shaken at 30°C for 6 h, and the filtrate was collected. Sodium azide (to 0.02%) was added to the filtrate as a preservative. The remainder of the procedure was carried out at 4°C.
The culture filtrate was concentrated to -200 ml on a H1P-5 ultrafiltration device (Amicon Corp.) by recirculating flow, and the H1P-5 filtrate was reconcentrated to -200 ml and pooled with the first concentrate. The 400 ml of concentrate was dialyzed against 0.01 M citrate-0.02% NaN3 (pH 5.8). This preparation was applied to a carboxymethyl cellulose column (2.5 by 24 cm; Whatman CM 52) that had been equilibrated with the dialysis buffer described above. The RNase activity was eluted with a 600-ml 0 to 0.12 M KCl gradient. One peak of activity was eluted, and those fractions were pooled and concentrated on a Diaflo YM-5 membrane (Amicon). The concentrate (-6 ml) was applied to a Sephadex G-75 column (1.6 by 100 cm). One of several protein peaks contained all the RNase activity; those fractions were pooled and rechromatographed on the same Sephadex G-75 column. The resultant profile showed one peak of protein, and corresponding fractions were pooled as RNase N4.
The purification procedures for the carbon-and phosphorus-derepressed enzymes were the same as those described above, with the following modifications. For phosphorus derepression, KH2PO4 in Vogel's medium was replaced by an equal molar amount of KCl instead of omitting nitrogen. The culture filtrate (after addition of NaN3) received 8 mg of pure N. crassa alkaline protease (15) and was allowed to remain at room temperature for 2 days to digest the gelatin inducer. For carbon limitation, the cells were derepressed in one-half-strength complete Vogel's medium without dextrose. In addition, thermolysin at 75 ng/ml was added, as previously described for protease induction (5) . The procedure for carbon-starved cultures also included carboxymethyl cellulose chromatography as described above, but the pH was 4.25, and elution was performed with a 0 to 0.2 M KCI gradient. This chromatographic step was performed before the pH 5.8 Whatman CM-52 chromatography.
Enzyme characterization. Polyacrylamide slab gel electrophoresis in the presence of sodium dodecyl sulfate was carried out as described previously (15), except that the destaining solution was water-methanol-acetic acid (10:5:2). The cyanogen bromide cleavage was performed in 70% formic acid, as described by Lerch et al. (13) , except that 2 mg of protein were used. Enzyme concentration was estimated assuming that, at 280 nm, A1 cm 1 mg/ml = 1.0. The pH optimum was determined by performing the standard assay at several different pH values. Buffers (at 0.1 M) employed were citrate, from pH 5.5 to 6.5; phosphate, from pH 6.0 to 7.5; and Tris from pH 7.0 to 9.0.
Goat anti-N4 antibody was raised by injecting 0.5 mg of purified N4 from N-derepressed cultures. Antigen was mixed with Freund complete adjuvant and injected subscapularly. A booster was given 2 weeks later, after which serum was collected and assayed for antibody with interfacial ring tests. The goat serum immunoglobulin G (IgG) was partially purified by a 1.75 M ammonium sulfate precipitation; the precipitated IgG was redissolved in and dialyzed against 0.075 M phosphate-0.075 M NaCl-0.1% sodium azide at pH 7.2. The amino acid analysis of the preparation purified from phosphorus-limited cultures was performed by the AAA Laboratory of Mercer Island, Washington.
Specificity toward homopolyribonucleotides was determined by reacting pure N4 with substrate (Sigma Chemical Co.) at 1 mg/ml (in 0.1 M Tris, 0.005 M EDTA [pH 7.5]). These preparations were sampled and precipitated, and A260 was determined as described in the RNase assay reported previously (14) . A blank for each of the four homopolyribonucleotides that did not receive enzyme was subtracted from the respective experimental values. RESULTS RNase N4 was purified from nitrogen-starved, phosphorus-starved, and carbon-starved cultures of N. crassa. Gelatin (0.25%) was used as the exogenous protein required for enzyme production in all three cases, and thermolysin was added to C-derepressed cultures as described previously (14) . Purified N. crassa alkaline protease (15) was added to the culture filtrate from phosphorus-starved mycelia to digest the exogenous gelatin. This was accomplished without loss of RNase activity, indicating that N4 may be resistant to N. crassa protease. Three N. crassa proteases were coordinately produced in the N-and C-starved cultures and were naturally present to digest the gelatin (16) .
By employing the RNase assay described previously (14), we found only one polypeptide with RNase activity in cultures grown for the isolation of extracellular RNase. In each of the three purification procedures, only one peak of activity appeared in the elution profiles from the first chromatography; this activity remained a single peak in subsequent chromatograms. The enzyme found in those cultures was designated RNase N4. Recoveries for the procedures were -1 to 3 mg from 6 liters of filtrate, representing 10 to 20% recovery. The specific activities of the final preparations were -660,000, 620,000, and 570,000 U/mg for the enzymes from P-, N-, and C-starved cultures, respectively. The preparations appeared homogenous on polyacrylamide slab gels with 30-,ug samples ( Fig. 1 ) but contained contaminants when larger sample sizes were electrophoresed.
The enzymes from the three different states of derepression were indistinguishable by sodium dodecyl sulfate-slab gel electrophoresis (Fig. 1) . They eluted at the same position when subjected to Sephadex G-75 gel filtration (Fig. 2) . These results indicate that the three enzymes have the same effective size both under denaturing conditions and in native conformation. When electrophoresed and chromatographed with protein standards, the position of N4 corresponded to Mr of 9,500 and 10,000, respectively (Fig. 3) .
Thermal stability is generally regarded as a criterion in determining slight difference in the primary structures of an enzyme. The stability of N4 from the three different culture conditions was investigated, and no differences were observed (Fig. 4) . The enzymes were stable at much higher temperatures with incubation periods shorter than 30 min. The pH optimum for hydrolysis of yeast RNA was near pH 7.5 for N4. The pH profile generated was very similar to that reported for the RNase investigated by Hasunuma et al. (8) . Phosphate buffer was inhibitory, compared with Tris, and the range of optimal activity was very narrow, with -20% decrease in activity only 0.5 pH unit on either side of pH 7.5. As with thermal stability, no differences were observed among the three different enzyme preparations.
Inhibition by some cations has been reported for homolo- inhibition was observed with 0.001 M ZnSO4 and CuSO4, respectively. N4 was also inactivated by iodoacetate under the conditions described by Hashimoto et al. (7) .
The enzyme preparations were similar immunologically. All three cross-reacted in interfacial ring tests with antibody to the enzyme from N-starved cultures.. All three also reacted in a similar manner in the Ouchterlony test (Fig. 5) . The cause of the broad precipitation lines in the Ouchterlony test was unclear, but the reaction was the same for all three enzymes. This reaction may be related to the fact that RNases of similar properties have been reported to have very weak immunogenicity (22) .
Amino acid analyses were performed on the enzyme obtained from phosphorus-limited cultures. The results are shown and compared with the composition of N1 (an N. crassa-stationary-phase RNase) in Table 1 . The number of residues was not extrapolated to integer values because the preparation was not pure. Assuming 95% purity, most values approximate the correct number of residues. The composition of N4 was very similar to that of N1 and other guaninespecific RNases (25) . N4 had fewer residues than N1, where differences are apparent, commensurate with its smaller size: N1 = 11,450 (7). N4 had two fewer cysteines than N1 and only one methionine, compared with two for N1. Cyanogen bromide cleavage of the nitrogen-derepressible enzyme yielded a fragment with an Mr of -500 to 1,000 less than the intact enzyme and a peptide fragment, which also indicated one methionine residue.
Specificity was investigated by measuring activity relative to homopolyribonucleotides. At low enzyme levels (i.e., 100 ng/ml), only polyguanylic acid [poly(G)] was hydrolyzed at detectable rates. As enzyme levels increased, polycytidylic acid [poly(C)], polyuridylic acid [poly(U)], and polyadenylic acid [poly(A)] were hydrolyzed in that order. These data indicate a specificity of G > C > U > A. All three preparations hydrolyzed poly(G) equally at all enzyme levels tested. The nitrogen-derepressed enzyme preparation showed higher activity with poly(C) than the other two preparations. However, poly(C) was unstable in solution and was not supplied with minimum-molecular-weight values. Therefore, activity required to increase acid-soluble products was not comparable to the other three homopolyribonucleotides. It was apparent that G > U or A, but further experimentation will be necessary to clarify the specificity of N4.
DISCUSSION
We have purified RNase N4 from cultures of N. crassa grown under three different conditions. The enzyme is apparently homologous with the guanine-specific RNases.
These enzymes, which include T1, F1, Ul, and N1 from Aspergillus oryzae, Fusarium moniliformis, Ustilago sphaerogena, and Neurospora crassa, respectively, possess FIG. 4 . Thermal stability of N4 purified from the three states of derepression. N4 produced from cultures limited for C (0), P (0), and N (A) were held at indicated temperatures for 30 min and assayed for remaining activity. Activity is expressed as percent of the 37°C sample. similar enzymatic and physical properties. The properties of N4 resemble those of the enzymes listed, although the molecular weight of N4 is lower. The others have molecular weights ranging from 11,000 to 11,500 (7, 25) . N1 was reported as a stationary-phase enzyme (10, 20) and has similar properties to those reported here for N4 except for differences in size and amino acid composition (7, 22) . N1 has also been reported to be phosphate-derepressible (8) , but from the evidence presented it was not clear whether the enzyme detected was N1 or N4. The relationship between N1 and N4 requires elucidation; they are obviously very similar and may be differentially edited products of the same gene or they may have resulted from the duplication of an ancestral gene.
Microbial hydrolases that are derepressible by limitation of more than one nutrient are believed to be products of the same gene (17, 18 (6) . RNase N4 obtained from each of the three different states of derepression was also identical by several criteria. The preparation from N-starved cultures did show higher activity than the other two with poly(C) as a substrate. Purer preparations and further characterization will be necessary to determine specificity and whether the enzymes are identical in every respect. Multiple formns of the same RNase have recently been reported for three different fungal organisms (11, 23, 25) . In these cases, amino acid composition was the same, but differences in isoelectric points, conformations, or specific activities were observed. Whether multiple forms of an enzyme are related to regulatory mechanisms or physiological status of the cell has not been investigated.
The data presented in this paper seem to support current models that describe multiple-derepression mechanisms as being composed of one gene controlled by three receptor sites, one for each of three different regulatory proteins (17, 18) . In the case of N4, both the nit-2 and nuc-J proteins apparently act in a positive manner to initiate transcription (14) . Multiple regulation has been studied at the level of the gene for yeast invertase by Carlson and Botsein (1) . They have found that two forms of invertase (each controlled by a different regulatory mechanism) are transcribed from one structural gene. Elucidation of regulatory mechanisms of multiple derepression and verification of the existence of multiple receptor sites for some microbial hydrolases await analysis at the level of the gene.
